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The dimensionality of a correlated many-body system has a large impact 
on its electronic properties. When electrons are confined to one-dimensional chains 
of atoms their behavior is very different than in higher dimensional systems because 
they become strongly correlated, even in the case of vanishingly small interactions. 
The chains consisting of copper and oxygen atoms are particularly interesting, 
because the CuO orbitals are constituents of all known high temperature 
superconductors. Most of previous spectroscopic studies of CuO chain systems 
indicated insulating behavior[23-25]. Here we report the discovery of momentum 
dependent superconducting gap and hump-peak-dip structure in the spectra of the 
CuO chains. We demonstrate that superconductivity in the chains arises due to 
proximity effects and the peculiar momentum dependence of the superconducting 
gap shows how three dimensional coherence emerges in a layered superconductor. 
The presence of the hump-dip-peak structure in the spectra of the CuO chains is 
very unexpected as it was thought to only occur in the CuO2 planes and is frequently 
considered to be a signature of the d-wave pairing and the pairing boson itself.   
We used Angle Resolved Photoemission Spectroscopy (ARPES) with a very 
small (50 µm) synchrotron beam and were able to directly identify two different types of 
termination on the surface for the cleaved YBa2Cu4O8 samples (experimental details are 
described in Methods section). The first type (plane domains) displayed an electronic 
structure consistent with a quasi two dimensional (2D) electron system and well resolved 
bilayer splitting indicating that for these portions, cleaving exposed a BaO layer with 
CuO2 planes directly below. The second type of termination (chain domains) was far 
more interesting as the signal was consistent with quasi-one-dimensional (1D) electronic 
structure. In this case, cleaving exposed the CuO chains at the surface. The very small 
escape depth of the photoelectrons allowed us to clearly separate the two domains by 
simply selecting an appropriate location on the surface of the sample. We have repeated 
our measurements on several samples and always found a few domains (~ 50-100 !m in 
size) that were terminated with either CuO chains or BaO/CuO2 planes. For the remainder 
of this letter we will focus our attention on the signal originating from the CuO chains. 
The diagram of the experimental situation is shown in figure 1a, where kx and ky denote 
the momenta of electrons parallel and perpendicular to the direction of the chains, 
respectively. In figure 1b we plot a typical intensity map of the photoelectrons as a 
function of kx and binding energy (referenced to the chemical potential) obtained at the 
zone boundary (ky="/a) deep in the superconducting state at T=40K. The high intensity 
regions (red, yellow and green) mark the dispersion of the bands. In figure 1c we plot 
energy distribution curves (EDCs) corresponding to the data in the right half of the color 
plot (1b). Two main features are easily identified in these data and both are quasi one-
dimensional. The most prominent feature is a strongly dispersive conduction band seen as 
the upper U-shaped area of high intensity in the color plot and a series of peaks close to 
the chemical potential in the EDCs. As this band approaches the chemical potential the 
peaks become very sharp, consistent with the presence of long-lived quasiparticles. 
Another striking property of the conduction band is the renormalization of the dispersion 
close to the Fermi energy (rapid change of velocity visible as a “kink” in the color plot 
and labeled with an arrow). This feature together with the hump-dip-peak structure in the 
EDC lineshape is very similar to what is observed in the quasi 2D CuO2 planes of 
Bi2Sr2CaCu2O8+# [12-14]. These observations are normally interpreted as being due to a 
very strong interaction with a bosonic mode. Recent inelastic neutron scattering 
experiments on untwinned YBa2Cu3O7-! have revealed a strong in-plane anisotropy of the 
spin excitations [15], which has been interpreted both in terms of evidence for stripe 
formations [16] or resulting from orthorhombicity effects within more conventional 
Fermi-liquid approaches [17]. Our present ARPES data indicate that the coupling 
between the chains and planes cannot be neglected and it must be considered in any 
model aimed at reproducing the measured dynamical spin susceptibility of YBCO 
compounds. The second feature present in the data is an insulating band at higher binding 
energy that has an energy gap of about 200 meV. At present the origin of the second band 
and the nature of its gap are not clear. It is unlikely to be due to bilayer splitting. The two 
bands are separated by ~500 meV which is an order of magnitude higher than the 
theoretically predicted value of bilayer splitting (36 meV) in the double CuO chain 
system [18].  Also, if bilayer splitting gives rise to the two bands, any common 
mechanism leading to an energy gap (e. g. a charge density wave or a Mott Hubbard gap) 
would affect both bands in the same way. Here only one of the bands exhibits an energy 
gap. An alternative, more plausible explanation is that the two chains have significantly 
different carrier concentrations due to the different chemical surroundings at the surface. 
The conduction band thus originates from chains further from the surface and its carrier 
concentration and electronic properties are closer to that of the bulk where the chains are 
known to be metallic [19]. The gapped band is therefore due to chains at the surface that 
are better isolated from the rest of the system.   
Figure 2a shows the intensity of the photoelectrons at the chemical potential 
plotted as a function of kx and ky. The areas of high photoelectron intensity (green, 
yellow and red) correspond to the Fermi surface, which shows remarkable quasi 1D 
character. Below in figure 2bcde we plot the data along several cuts indicated by the solid 
lines in (a). The overall high-energy dispersion of the conduction band is very similar for 
all values of ky momentum (except for a slight variation in the energy of the bottom of 
the band), again consistent with its quasi 1D character.   
We now examine the low energy features of the conduction band in more detail. In figure 
3abcd we plot data along several cuts through the Fermi surface.  In panels 3efgh we plot 
the corresponding EDC spectra. The remarkable thing about this data is that it can be 
classified into three categories. For large ky (d,h) the data is coherent (sharp 
quasiparticles are clearly visible at kF) and renormalization effects are moderate, i.e. the 
low binding energy velocity above ~ -55 meV (obtained from the rate at which the peak 
disperses) is moderately smaller than the one at high binding energy below 55meV. As ky 
decreases, the low energy dispersion becomes much smaller leading to a far bigger 
renormalization of the velocity (“kink”), and the state remains coherent as evident by the 
presence of sharp quasiparticle peaks (panels 3bf and 3cg). EDC spectra in this 
momentum range display very pronounced hump-dip-peak feature that is frequently 
observed in superconducting two dimensional CuO2 planes. In panel 3kl we plot EDC at 
two momentum values in below and above the bulk Tc. Just like in case of spectra from 
CuO2 planes, this feature exists only in the superconducting state. “Hump-dip-peak” 
structure along with “kink” in dispersion are considered spectral hallmark of high 
temperature superconductivity and is frequently attributed to a pairing boson. Fact that 
we now see those features in 1D CuO chains is very unexpected and may potentially lead 
to better understanding of their origin and relation to the mechanism of high temperature 
superconductivity. Finally, for small values of ky the coherent peak vanishes (3ae). Such 
behavior is very unusual, because the sample is in the superconducting state and one 
would expect all states at different ky to be at least coherent. This is in sharp contrast to 
the behavior of two-dimensional nodal states (such as in Bi2Sr2CaCu2O8+#) that albeit 
gapless, are coherent at low temperature [20]. The above behavior is again illustrated in 
figure 3i, where we plot EDC spectra at the Fermi momentum along the quasi 1D Fermi 
surface. Spectra close to the zone boundary (ky="/a) display a strong coherent peak, 
which vanishes around ky=0.3 "/a and then reappears at ky=0. In figure 3j we plot the 
estimated weight of the coherent peak as a function of momentum ky. 
Further unusual behavior is seen in the superconducting gap. By analyzing data for a 
range of ky we find that only a handful of states develop a superconducting gap. The 
presence of the superconducting gap can be determined via symmetrization [21]. In 
figure 4 we show several such plots for a few cuts indicated in the Fermi surface model 
of fig. 4g. If a gap is absent in the spectra, then one observes two peaks on the occupied 
side at positive and negative energy that merge at kF into a single peak which quickly 
vanishes beyond kF, such as in panels 4aef. The symmetrized spectra that have a 
superconducting gap look very different (4bcd). As before, the two peaks on the occupied 
side approach the chemical potential. However, this time they do not merge into a single 
peak at kF but remain separated well beyond kF due to particle hole mixing. We have 
confirmed these conclusions by comparing spectra at the Fermi momenta (kF) with 
spectra obtained from a non-superconducting reference. The magnitude of the gap at kF 
has been measured for different ky and is shown in figure 4h. Close to normal emission 
(ky = 0) there is no gap. For momenta larger than ky = ~0.5 "/a a small superconducting 
gap opens. The magnitude of the gap decreases as ky increases further and it closes again 
beyond ky = 0.8 "/a.  
Our results demonstrate that the superconductivity in quasi 1D chains has a non-trivial 
character and unlike in higher dimensions it affects only some of the electronic states. 
The most natural explanation for this behavior is chain induced superconductivity via a 
proximity effect. The largest superconducting gap in the chains and the strongest quasi-
particle renormalization occur for those chain states where the chain and planar Fermi 
surfaces cross. This way gapped planar states with the same momentum (kx, ky) are close 
to the chain Fermi energy, making the proximity coupling most effective. This is 
remarkable as it requires momentum conservation for the Cooper-pair motion between 
the chains and planes, while the corresponding single particle motion was frequently 
modeled assuming fully incoherent chain-plane coupling [22].  Our data also demonstrate 
that single particle coherence in the chains behaves very differently from Cooper pair 
proximity coupling. Chain states close to ky="/a and close to the plane Fermi surface 
become coherent but only those close to the chain-plane Fermi surface crossing form a 
superconducting gap (maximum gap for the chain states is marked by a circle in Figure 
4g). Again this can be explained by assuming that the motion of the Cooper pairs from 
the planes to chains conserves momentum while the momentum along the chains is not 
conserved for single particle tunneling.  
 At higher energies and temperatures one can expect Luttinger liquid behavior of the 
quasi one-dimensional chains. Theoretical evidence for the formation of a Luttinger 
liquid in the double chains of YBa2Cu4O8, and against a spin-gapped state, was given in 
Ref. [18]. This would be fully consistent with the observation of Luttinger liquid 
behavior in PrBa2Cu4O8+x and SrCuO2 seen in optical and photoemission experiments 
[23-25]. The latter compounds however are insulators and not superconductors. For a 
Luttinger liquid one expects a holon branch of the spectral function 2/)1()( !!" #$ kv
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0  is the Fermi velocity of the chains in the absence of correlations and !  is 
the non-universal Luttinger liquid exponent that is directly related to the interaction 
strength.  Similar to Ref. [23-25] one can argue that the high-energy part of the 
conducting band shown in Fig.1b is the holon branch of the spin-charge separated 
Luttinger liquid. The features in the low energy part of the spectrum can either be due to 
the spinon branch, if 
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1 <<!  not unusual for a Luttinger liquid with not too short ranged repulsive 
interactions.  The absence of coherency close to ky = ± 0.15 "/a is therefore most 
interesting, as it demonstrates that those states remain uncoupled to the planar 
quasiparticles, i.e. remain Luttinger liquids while a dimensional crossover, similar to the 
one observed earlier for 2D and 3D systems [27], occurs for other ky.   
 
Our observations of a momentum dependent onset of coherency of chain states should 
have important implications for the onset of three-dimensional coherency of the system.  
Coherent chain-plane coupling is needed to achieve three-dimensional coherency of the 
YBa2Cu4O8 structure. Coherent c-axis transport with 0>dT
d c!   sets in below 200K [3]. On 
the other hand, the T-dependence of the plane and chain resistivity are qualitatively 
different down to Tc and the electronic states in the CuO2-planes and the CuO-chains 
behave fundamentally different, down to the lowest temperatures: the temperature 
dependence of the Cu-spin lattice relaxation rate 
63
T1
-1
 clearly demonstrates the absence 
of a spin gap in the chains while planes are governed by the pseudogap [18]. We believe 
that the selective emergence of chain coherency identified in this paper may offer the clue 
for the understanding of these interesting and seemingly contradictory observations. 
 
 
 
METHODS  
The samples of YBa2Cu4O8 (Tc=80K) were grown using a high-pressure flux method [4,5] and were 
cleaved in-situ in the ARPES system at low temperature and pressure (better than 5x10
-11
 Tr). The samples 
were oriented to make the direction of the component of the electric vector parallel to the cleavage plane 
also parallel to the chain direction [9]. The energy spectra of the photoelectrons were recorded as a function 
of emission angle using a high-resolution (0.1 deg angular and 12-16 meV energy) electron analyzer 
SES2002 and the PGM beamline at the Synchrotron Radiation Center, University of Wisconsin at Madison. 
The data in this letter was obtained using 22 eV and 33 eV photons. Previous scanning tunneling 
microscopy (STM) [6,7] of a related compound - YBa2Cu3O7-! revealed that the preferred cleavage plane 
lies between the BaO layer and CuO chains, consistent with early angle resolved photoemission 
spectroscopy studies of both YBa2Cu3O7-! [8-10] and YBa2Cu4O8 [11].  
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Figure 1 Experimental arrangement and typical data obtained from chain 
domains using 22 eV photons at T=40K. a, Structure on the surface of the 
sample in a chain domain. kx and ky are parallel and perpendicular to the 1D 
chains, respectively. Normal emission is at kx=ky=0. Typical intensity map b and 
EDCs c taken along the chains at ky="/a. 
Figure 2 Fermi surface and band dispersion in quasi 1D chains. a, Intensity of 
the photoelectrons obtained by integrating ARPES data within ±50 meV of the 
chemical potential and plotted as a function of kx and ky. Data was obtained with 
33 eV photons at T=20K in a half of the Brillouin zone and then reflected about e 
symmetry axis. Spacing between both sides of the Fermi surface was checked 
using wide angular scans such as those following in panels. The lines of high 
intensity (green, yellow and red) correspond to the Fermi surface. b-e, Intensity 
maps along kx taken at ky=0.53"/a, 0.69"/a, 0.84"/a and "/a, respectively 
(position of cuts are indicated by dotted lines in panel (a)). Experimental 
conditions were the same as in figure 1. 
Figure 3 Intensity maps and EDC spectra close to the chemical potential along 
selected cuts in the Brillouin zone using 33 eV photons at T=20K. a-d,  Intensity 
maps for ky=0, 0.52 "/a, 0.63 "/a and "/a. e-h Energy distribution curves along 
the same cuts as in panels (a-d). i EDC spectra at kF for selected values of ky. j 
weight of the quasiparticle peak along the Fermi surface. The weight was 
estimated by calculating the area under the peak marked in red on the bottom 
EDC spectrum in panel (j). k EDC spectra for ky=0.63 "/a (largest renormalization 
effects) at Fermi momentum below (blue) and above (red) the bulk 
superconducting temperature. l same as in (k), but for momentum slightly less 
than Fermi momentum. 
Figure 4 Momentum dependence of the superconducting gap in the quasi 1D 
conducting band. a-f, Symmetrized EDCs along selected cuts close to the Fermi 
momentum of the quasi 1D conducting band. In the symmetrization procedure 
the EDCs are reflected about the chemical potential, and then summed with non-
reflected ones. This procedure removes the effect of the Fermi cut-off and allows 
one to easily identify even a small superconducting gap. The positions of the cuts 
are indicated by solid black lines in the next panel. g, Fermi surface of the planes 
(bonding: solid black lines and antibonding: dashed lines) and chains (red). A 
circle indicates the location of the maximum superconducting gap in the chain 
states. Magnitude of the superconducting gap at kF for different ky values. Data 
obtained under the same conditions as in figure 3. 
 
  
 
 
 
 
 
